Background: Recent studies have postulated that mitochondrial ATP-sensitive potassium (mitoK ) channel activation may modulate ATP mitochondrial function with the resultant induction of a preconditioning phenotype in the heart. We hypothesized that the modulation of mitochondrial homeostasis might confer preconditioning-like cardioprotection. Methods: We used a model of regional ischemia in Langendorff-perfused isolated rat hearts. Short-term administration of 2,4-dinitrophenol (DNP), an uncoupler of oxidative phosphorylation and cyclosporin A (CSA), an inhibitor of mitochondrial respiration, was used in an attempt to elicit preconditioning-like cardioprotection. The anti-ischemic drug trimetazidine, known to attenuate CSA-induced disruption in mitochondrial function, and the mitoK channel blocker 5-hydroxydecanoic acid (5-HD) were used to inhibit the effects of DNP and CSA. Finally, we studied the ATP effect of trimetazidine on adenosine-induced and ischemic preconditioning. Risk zone and infarct size were measured and expressed as a percentage of the risk zone (I / R ratio). Results: DNP, CSA and adenosine pretreatment reduced infarct size (I / R ratio: DNP 9.062.4%, CSA 12.561.4%, adenosine 11.963.6%, all P,0.001 vs. control, 30.261.3%) similarly to ischemic preconditioning (9.560.6%, P,0.001 vs. control). Trimetazidine limited the effect of ischemic preconditioning (22.262.0%, P,0.001 vs. ischemic preconditioning) and completely reversed the DNP, CSA, and the adenosine-mediated reduction in infarct size. 5-HD abolished the effect of ischemic preconditioning and CSA. Conclusion: DNP and CSA trigger preconditioning-like cardioprotection in the isolated rat heart. Trimetazidine, a known mitochondrial 'protector', attenuated both drug-induced and ischemic preconditioning. These data support the hypothesis that modulation of mitochondrial homeostasis may be a common downstream cellular event linking different triggers of preconditioning.
Dinitrophenol, cyclosporin A, and trimetazidine modulate preconditioning in the isolated rat heart: support for a mitochondrial role in cardioprotection a , ,1 a ,1 b c a 1. Introduction [1] . The intracellular signalling networks activated by a variety of preconditioning triggers seem to converge on the Cardiac preconditioning describes a cell survival promitochondrial ATP-sensitive potassium (mitoK ) chan-ATP gram whereby a preceding 'trigger' not limited to but nel [2] [3] [4] leading to potassium influx into the mitochondrincluding ischemia itself, renders the heart partially resision [5, 6] . Thus, we hypothesized that the direct modulation tant to subsequent ischemia / reperfusion induced cell death of mitochondrial homeostasis may activate the cardiac preconditioning program and constitute one of the downstream cellular events linking different triggers of pre- chemia, have been shown to be triggers of cardiac preplayed on a Lectromed recorder. Coronary flow was conditioning, we investigated whether the administration measured every 10 min throughout the experiment. of 2,4-dinitrophenol (DNP), an agent known to uncouple oxidation from phosphorylation [7] could protect the heart 2.2. Perfusion protocol against ischemia-induced cell death. In addition, we evaluated whether cyclosporin A (CSA), which, as one of its
The perfusion protocol is shown in Fig. 1 . All hearts actions, is a potent inhibitor of mitochondrial respiration were allowed an equilibration period of at least 15 min and between cytochromes b and c1 [8] , could reduce infarct were consequently subjected to 35 min of regional issize. As comparators, we used adenosine-mediated and chemia followed by 120 min of reperfusion. No further ischemic preconditioning (IPC). Conversely, trimetazidine interventions were performed in the controls. IPC was (TMZ), an anti-ischemic drug known to protect mitoelicited by two cycles of 5 min of global ischemia chondrial function from CSA-induced impairment [9] , was interspersed with 5 min reperfusion prior to regional evaluated as a blocker of DNP, CSA, adenosine-mediated ischemia. DNP (50 mmol / l), CSA (0.2 mmol / l), and and ischemic preconditioning.
adenosine (100 mmol / l) were given for 5 min followed by 5 min of reperfusion before the regional ischemia. TMZ (1 mmol / l) was given for 9 min, covering the period of drug 2. Methods treatment (DNP/ TMZ, CSA / TMZ, Adeno / TMZ) and the IPC protocol (IPC / TMZ) as was 5-hydroxydecanoic acid A total of 83 male Long-Evans rats were used. At the end of the experiment, the silk suture around the coronary artery was securely tied and a 5-mg / ml suspen-2.1. Isolated rat heart model sion of zinc-cadmium sulfide fluorescent microspheres (in 0.9% w / v saline) was slowly infused through the aorta to The experimental setup was modified from that dedelineate the myocardial risk zone under ultraviolet light. scribed by Bugge and Ytrehus [10] . Male Long-Evans rats
The heart was then frozen overnight before being cut into (250-300 g) were anesthetized with 70 mg / kg sodium 2-mm thick slices (four to five slices per heart), defrosted, pentobarbitone (intraperitoneally) and heparinized (200 IU and stained by incubation for 15 min in 1% w / v trii.v. and glucose 11.0, Units5mmol / l). Within 1 min the heart was mounted onto a Langendorff apparatus and perfused retrogradely via the aorta with Krebs-Henseleit buffer (pH 7.4) at constant pressure (100 cmH O). The perfusate was tissue and unstained necrotic tissue. The area at risk and 3.2. Myocardial infarct size the area of infarcted tissue in the risk zone were determined using computerized planimetry (Summa Sketch Infarct size in control hearts was 30.261.3% of the risk III; Summa Graphics). The volume of infarcted tissue (I) zone. Infarct size was significantly reduced with ischemic and the risk zone (R) was then calculated by multiplying PC (I / R ratio: 9.560.6%, Fig. 2 ), with DNP (9.062.4%), each area with the slice thickness and summing the with CSA (12.561.4%), and with adenosine (11.963.6%, products. The infarct size was expressed as the percentage all P,0.001 vs. controls, Fig. 3A , B, and C, respectively). of the risk zone infarcted (I / R ratio).
TMZ, which is known to attenuate CSA-induced changes in mitochondrial function had no effect as a PC-mimetic agent (data not shown). However, TMZ diminished the 2.4. Drugs cardioprotection of ischemic PC ( Fig. 2) and completely abolished the PC-mimetic effects of DNP, CSA and DNP, CSA, adenosine and TTC were purchased from adenosine (P5NS vs. controls, Fig. 3A -C). Sigma Chemical Co. (St. Louis, MO, USA). DNP was
The classic mitoK channel blocker 5-HD had no ATP dissolved in 0.9% saline, CSA in 99% ethanol and effect when given on its own (data not shown) and blocked adenosine in 0.9% saline. DNP, CSA and adenosine were the protection afforded by ischemic PC and CSA (P5NS stored as a 1-mmol / l stock solution. 5-HD was bought vs. controls). However, the combination of DNP and 5-from RBI (Natick, MA, USA) and dissolved in Krebs-HD, for as yet unexplained reasons, resulted in irreversible Henseleit solution on the day of the experiment. TMZ was contracture in all hearts tested (n55). kindly donated by Servier Pharmaceuticals, France and dissolved in Krebs-Henseleit solution on the day of the experiment.
Discussion
The present study demonstrates that short-term adminis-2.5. Statistical analysis tration of the uncoupling agent DNP has an ischemic preconditioning-like protective effect against a subsequent All data are presented as mean6S.E.M. One-way analyischemia / reperfusion injury to the heart. Similarly, CSA, a ® sis of variance with Tukey's post-hoc test (Minitab potent inhibitor of the oxidative chain, preconditions the software package) was used to detect differences between isolated rat heart. The anti-ischemic drug trimetazidine groups. Repeated measures ANOVA was performed to test (TMZ), thought to work in part via a mitochondrial for differences within groups. A P value ,0.05 was 'protective' mechanism [11], reversed DNP and CSAconsidered statistically significant. induced cardioprotection. Moreover, TMZ significantly reduced protection afforded by both adenosine and by 'classical' ischemic preconditioning. Taken together, the data presented strongly support the concept that mito-3. Results chondrial pertubations may mediate preconditioning-like cardioprotection.
Hemodynamic data
The intracellular signaling cascades activated by preconditioning triggers seem to converge on and activate / Heart rate (HR), left ventricular developed pressure open the mitochondrial ATP-sensitive potassium channel (LVDP) and coronary flow (CF) data were monitored (mitoK ) [2] [3] [4] . Opening of the mitoK channel ATP ATP throughout the experiment, and hemodynamic measureresults in the influx of potassium into the mitochondrial ments are summarized in Table 1 . No differences were matrix with a subsequent dissipation of the electrical found in basal HR, LVDP and CF. IPC significantly potential over the inner membrane [12] potentially leading increased HR and CF, and reduced LVDP prior to the to an increase in mitochondrial volume [5] . Modest index ischemia. DNP acutely resulted in a drop of LVDP to changes in mitochondrial volume regulate the activity of 5563 mmHg, which was reversed upon 5 min of washout.
the electron transport chain, with mitochondrial 'swelling' After 34 min of regional ischemia, DNP-treated hearts had resulting in an augmentation of ATP production [13] . This a preserved LVDP when compared to controls (P,0.001).
may be considered an adaptive mitochondrial response to Coadministration of DNP and TMZ seemed to prolong the cellular stress. On the other hand, unopposed swelling is acute cardio-depressant effect of DNP (P,0.001 vs.
deleterious to mitochondria [14] . controls). CSA treatment resulted in a small but significant Thus, investigators are now beginning to explore the decrease in LVDP (P,0.05) as did the coadministration of biologic role of mitochondrial homeostasis in the precondi-CSA and TMZ (P,0.01). An augmented CF, regularly tioning program. We hypothesized that modulation of found after an IPC protocol, was not evident in the DNP, mitochondrial homeostasis can regulate the cardiac pre-CSA or adenosine treated groups.
conditioning program and constitute one of the down- a Values are given as mean6S.E.M., n56 in each group. Preocclusion is defined as the time point prior to the 35-min index ischemia and occlusion is defined as the time point 34 min into the index ischemia. IPC, ischemic preconditioning; DNP, 2,4-dinitrophenol; CSA, cyclosporin A; TMZ, trimetazidine; [16] demonstrated that CSA study constitutes an important novel finding, supporting protective effects were linked to the inhibition of the the concept that stressful stimuli to the mitochondrion may mitochondrial transition pore. Weinbrenner et al. [17] induce preconditioning-like cardioprotection. Due to the showed a protective role of CSA via inhibition of the methods used, we cannot exclude the possibility that DNP PP2B phosphatase, calcineurin. Our group found similar induces cardioprotection via its K channel opening protection with several phosphatase-inhibitors including ATP properties, which however have thus far only been shown CSA [18] . In addition to its inhibitory effects on the for the sarcolemmal K and not the mitoK channel mitochondrial transition pore and on calcineurin activity, ATP ATP
[15]. However, the depressive effect of DNP on cardiac CSA directly affects mitochondrial energy metabolism by function seen in our model suggests that a significant inhibition of the respiratory chain between cytochrome b metabolic compromise was achieved.
and c1 [8] . If pertubation of mitochondrial homeostasis triggers the preconditioning program, then the finding that the antiischemic, mitochondrial 'protective' [11] drug TMZ counteracts DNP, CSA, adenosine and ischemic preconditioning is of particular interest. TMZ's mode of action is not fully understood but it may facilitate glucose metabolism in ischemic hearts, thus improving ATP production [11, 19] . However, additional actions may exist such as inhibition of ischemic contracture independently of glycolytic flux [20] . Moreover, administration of TMZ restored ATP synthesis and resulted in a reduction of CSA-induced increases in 21 mitochondrial Ca [21] . Finally, TMZ partially counteracts CSA-induced mitochondrial swelling [22] . It is therefore conceivable that the attenuation of preconditioning-like cardioprotection by TMZ may be explained in part by limiting preconditioning-induced mitochondrial swelling [6] .
Our data lead to the novel concept that mitochondrial stress (e.g. via DNP or CSA) can trigger the preconditioning program and that mitochondrial protection (e.g. via TMZ) can limit the proposed preconditioning-like cardiop- abolished CSA-induced cardioprotection, allowing for a speculative interpretation of our data. CSA, by inhibiting the oxidative chain results in decreased ATP production (as lack of specificity of the compounds used. As outlined does DNP). The mitoK channel is strongly inhibited by above DNP, CSA and TMZ in particular modulate a ATP ATP. Thus, agents such as DNP and CSA that decrease variety of cellular mechanisms. The emerging role of ATP production might de-inhibit this channel. Conversely, mitochondrial homeostasis therefore needs to be further TMZ, conserves ATP which would tend to keep the explored using alternative approaches. mitoK channel closed. We cannot be sure that this In summary, the present study demonstrates that uncou-ATP proposal also applies to DNP since the combined adminispling of oxidative phosphorylation with DNP and the tration of 5-HD and DNP led to irreversible contracture.
short-term administration of CSA, trigger preconditioningThe major limitation of the present study relates to the like cardioprotection in the isolated rat heart. TMZ, a 
